In order to understand the feature of rock stress change at different depths above, within, and beneath the Chelungpu fault after the Chi-Chi earthquake, we employed a core-based stress measurement method, anelastic strain recovery (ASR) technique to determine both the orientations and magnitudes of present three-dimensional principal rock stresses using drill core samples retrieved from Taiwan Chelungpu-fault Drilling Project (TCDP) main Hole-A. The core samples used were taken from three depths; and their lithology were sandstone at depths of 592 and 1755 m and siltstone at 1112 m. The anelastic strains of the specimens in nine directions, including six independent directions, were measured after its in-situ stress was released. Acquired anelastic strains were of high quality and reached several hundred microstrains, which is sufficiently high for the accuracy of the measurement system used. Thus, the strain data could be used for threeTerr. Atmos. Ocean. Sci., Vol. 18, No. 2, June 2007 380 dimensional analysis resulting in the determination of orientations and the estimation of magnitudes of the principal in-situ stresses. Preliminary stress measurement results showed that the orientations of principal stresses changed between the shallower depth above the fault and the deeper depth beneath it, that is, the present stress distribution in the TCDP hole might be influenced by the Chelungpu fault rupture. At the same time, anelastic strain recovery measurement is well suited for the task of directly determining the orientations of principal in-situ stresses and to estimate the magnitude of stresses at large/great depth.
INTRODUCTION
The 1999 Chi-Chi, Taiwan earthquake (M w 7.6) produced spectacular surface faulting with vertical displacements of up to 8 m on the Chelungpu fault (Ma et al. 2000; Kao and Chen 2000) . In order to resolve issues relating to the mechanism of earthquake generation and the mysterious rupture propagation of the fault, Taiwan Chelungpu-fault Drilling Project (TCDP) was undertaken (Mori et al. 2002) . One of the main scientific goals of the TCDP is to determine in-situ stress states in the hanging wall, the vicinity, and footwall of the Chi-Chi earthquake rupture.
Unfortunately, there is no foolproof method by which magnitudes and orientations of three-dimensional in-situ stress can be reliably measured at large/great depth, although various field and laboratory measurement techniques have been proposed. In the case of a scientific deep drilling project, we suggest that a combined application of borehole method(s) and corebased method(s) be employed. As one of them, a simple and inexpensive method to determine in-situ stress from anelastic strain recovery (ASR) measurement of oriented cores can be considered as having a relatively explicit theoretical basis in comparison to other core-based methods. Originally, this method, firstly proposed by Voight (1968) and then developed by Teufel (1983) , was based on the assumption that vertical stress is one of the three principal stresses, and only two-dimensional measurement was conducted. Subsequently, this method was theoretically extended to a three-dimensional version by Matsuki (1991) . However, the three-dimensional method has found little practical application (Matsuki and Takeuchi 1993; Lin et al. 2006 ).
The present study has two aims. First, our scientific goal is to obtain the complete stress tensor at various depths located above, within, and beneath the Chelungpu fault. The second aim is technical. It is to verify whether the ASR method in three-dimensions can be applied for determining the in-situ stresses at large/great depth in a scientific drilling project and to acquire skills in sample preparation and application of appropriate measurement techniques. In this paper, the outline of the ASR method and its experimental techniques for determining the three-dimensional in-situ stress will be described. Next, we will present the preliminary re-sults of a case study where the ASR method was applied to three core samples retrieved from a depth range of about 600 -1800 m in TCDP main Hole-A to determine the orientations and to estimate the magnitude of three-dimensional principal in-situ stress.
ASR METHOD AND EXPERIMENTAL TECHNIQUES

Outline of ASR Method
As mentioned above, Matsuki (1991) proposed a method for determining three-dimensional in-situ stresses based on the ASR measurements. For an isotropic viscoelastic material, when the in-situ stresses and the pore pressure are released stepwise at time t = 0, the recovery behavior of viscoelastic deformation should consist of two independent modes; shear and volumetric deformation modes. Anelastic strain recovery compliances of the shear and volumetric deformation modes for elapsed time t, Jas(t) and Jav(t), respectively, are defined as follows:
where σ m and S ij are released mean normal stress and stress deviation, respectively; e m (t) and e ij (t) are anelastic mean normal strain and anelastic strain deviation, respectively; and p 0 is pore pressure. By applying the correspondence principle of linear viscoelastisity and making the assumption that the bulk modulus of the rock matrix is not a viscoelastic parameter, anelastic normal strain ε a t ( ) recovered during the time from 0 to t in an arbitrary direction, the direction cosines of which are defined as l, m, n with respect to X, Y, Z axes, is given by the following equation (Matsuki 1991; Matsuki and Takeuchi 1993) : 
where σ x , σ y , σ z , τ xy , τ yz , and τ zx are components of in-situ stress tensor. It should be noted that the thermal expansion strain due to temperature change during the ASR measurement was neglected in equation (3). This equation, which provides a basis for the ASR stress measurement method, suggests that the anelastic strain depends on in-situ stress tensor components, the pore pressure and the compliances of both deformation modes. Therefore, if the material behaviors [Jas(t), Jav(t)] and the pore pressure p 0 are known, the six components of in-situ stress, i.e., three-dimensional stress tensor can be obtained by measuring the anelastic normal strains in at least six independent directions. For isotropic viscoelastic materials, the orientations of the three principal in-situ stresses coincide with the orientations of the three principal anelastic strains. Thus, the orientations of the three-dimensional principal in-situ stresses can be determined by calculating the orientations of principal strains based on the anelastic strain data measured in at least six independent directions. For a special case that the components of S ij and e ij (t) in equation (1) are principal stress and anelastic strain deviations, respectively, it can be easily obtained that ratios of the components of principal stress deviation are given by ratios of the components of principal anelastic strain deviation. That is, the relation between the ratios is given by:
where the values of principal stress deviation S 1, 2, 3 are given by subtracting the mean normal stress σ m from principal stresses σ 1, 2, 3 , respectively, and the principal anelastic strain deviations e 1, 2, 3 (t) are similarly given. As a result, if the rock is thermally and mechanically isotropic, these principal orientations and the ratios of the components of principal stress deviation can be determined without knowing both the compliances as a function of time.
On the other hand, the magnitude of three-dimensional principal in-situ stresses is given by Matsuki and Takeuchi (1993) :
Therefore, we can determine the in-situ stress magnitudes if both the compliances and the pore pressure are known. Matsuki (1991) proposed a detailed procedure to determine the orientations and magnitudes of the three-dimensional in-situ stresses. He suggested that the two compliances Jas(t) and Jav(t) which are necessary to calculate values of the principal stresses, may be determined by measuring the anelastic strain recovery of the same core sample after it was tri-axially compressed and then, unloaded in laboratory conditions. Additionally, he emphasized that because of the dependence of the shear and volumetric mode compliances on the mean normal stress, previous loading level must be taken into consideration. However, because of this mean stress dependence, the calibration tests are usually very complex and require a sufficient number of specimens for the iterative method, since the stress level of the previous loading is not always equal to that of the real in-situ stress. In other words, if the stress conditions used in the calibration test differ significantly from the stress value being determined, the calibration test must be repeated until the applied and determined stresses become approximately equal to each other.
In general, it is impossible to begin anelastic strain measurements immediately after stress release; some time delay (t 0 ) is obviously unavoidable. However, according to Matsuki (1992a) , the method described above can be applied if only the compliances used were determined for the same time that elapsed from t 0 . In order to shorten the time delay caused by core sample transportation, the ASR test should be carried out in an on-site laboratory.
Rock Materials from TCDP Hole-A and Preparation of Specimens
The core samples used in this study were taken from three depths of 592, 1112, and 1755 m in the main Hole-A of the scientific deep drilling project TCDP. The drilling site is located in the vicinity of Taichung city in the central region of western Taiwan. In this main drilling hole all cores were continuously retrieved from a 500-m depth down to the maximum drilled depth of 2003 m. According to Yeh et al. (2007) , downward lithology column of Hole-A was identified as Cholan Formation (0 -1027 m, early Pleistocene-Pliocene), Chinshui Shale Formation (1027 -1290 m, early Pliocene), Kueichulin Formation (1290 -1710 m, early Pliocene-late Miocene), and Cholan Formation (1710 -2003 m) again. Thus, the depths from which the cores were taken for ASR measurements are in the shallower Cholan Formation, Chinshui Shale Formation, and deeper Cholan Formation, respectively. The Chelungpu fault is an active fault, which slipped during the Chi-Chi earthquake that occurred in September 1999 which is approximately 5 years before the drilling of Hole-A and the ASR experiments. In the depth range of Chinshui Shale Formation or around the boundary between Chinshui Shale and Kueichulin Formations, which was considered to be the possible depth range from teleseismic data of the earthquake, four fault zones were encountered in the depth range from 1111 to 1241 m. No certain scientific evidence(s) to identify which fault slipped during the earthquake has been obtained yet. However, many scientists believe that the fault zone located around 1111 m (FZA1111) is the most likely candidate of the earthquake faults the four fault zones Yeh et al. 2007) . A core sample taken from 1112 m located within the FZA1111, but at its deeper portion. The other two core samples used in this study located far from the fault zone. The core from 1112 m is siltstone, the others are sandstone. The drill cores were not oriented by drilling tools; but their orientations were determined by the down dip orientation of the formation which is known.
Hereunder, we describe the actual experimental application for the TCDP to illustrate techniques used to prepare specimens for the ASR measurement for limited cases of core samples retrieved from a deep drilling well. In the TCDP, drilled cores were cut, caught then lifted from depth up to the surface using a wire-line technique. The total length of cores retrieved every time one was lifted up was 2 to 3 m. As soon as possible after a core at the target depth was lifted up, a homogeneous and crack-free core of appropriate length was selected in order to prepare a specimen for the ASR measurement. To shorten the time elapsed from the stress release by drilling to the beginning of the ASR measurement, the deeper part of the core was selected. However, the deepest 8 cm from the bottom, approximately equal to the diameter of the core, was deliberately rejected given that stress in the bottom part might not be completely released.
We designed two methods preparing the specimen for ASR measurement shown in Figs. 1a -c (denote it as Method A) and Figs. 1d -e (Method B), respectively. An advantage and two disadvantages of Method B are: i) that one does not need to cut the core; ii) there may be some influences of drilling forces since the strain measurements are conducted on the cylindrical core surface; and iii) strain measured by the gauges on the cylindrical core surface except in the direction parallel to the core axis is not in a single direction. We prepared the specimens of 592-and 1175-m depths by Method A, but the specimen of 1112-m depth by Method B in order to preserve the core as being non-destroyed because it was located in the fault zone.
As shown in Fig. 1a , the selected core was cut in orientations with respect to local X, Y, and Z axes. The Z axis was parallel to the core axis and the X and Y axes were properly defined by referring to the down dip orientation of the formation. The flat surfaces of the three planes cut perpendicularly to each other were grinded by using sandpaper to make them smooth. In the humidity conditions of the on-site laboratory, the surfaces of the specimens quickly dried, attaining an air-dry state, while lines were being drawn on the specimens to determine the location and orientation of strain gauges to be glued onto them. Three cross-type wire strain gauges were mounted onto each of the three perpendicular planes, i.e., for each of the nine directions two strain gauges were used (cf. Fig. 1b) . The type of strain gauges used in this study was of electrical resistance 120 Ω with a 10-mm effective length.
Regarding specimen preparation via Method B, we directly glued the strain gauges on the cylindrical core surface following the determination of locations and directions for gluing them. on one specimen are the same as that of Method A.
To avoid the influence of electrical resistance change of the lead wires of the gauges due to room temperature variation at the on-site laboratory, three-wire gauges and a corresponding bridge circuit were employed. The pictures in Figs. 1c and e show two examples of the specimens with strain gauges prepared via methods A and B, respectively, after ASR measurements.
Finally, we jacketed the specimens to prevent any changes of the pore water content during the measurement period of several days or weeks. In the case of Method A, the specimen was immersed in mixed silicone rubber of two-liquid type after wrapping the specimen in vinyl sacks. However, in the case of Method B, we put the specimen into a long aluminum sack and sealed it.
The Anelastic Strain Measurement System
The apparatus used for the ASR measurements is shown in Fig. 2 . Because the data logger has 60 channels for strain measurement, three active specimens, on which 18 gauges were glued as shown in Fig. 1b or d , can be simultaneously measured. In addition, strain data from a dummy sandstone specimen, which does not undergo any deformation except thermal expansion, for monitoring the drift of the system, were acquired. Since we had to prepare the dummy specimen before the cores for active specimens were retrieved, and we did not have reliable information about the lithology of the cores beforehand, we prepared the dummy specimen using a fine-grained sandstone taken from Tanabe Formation (Miocene, in the Kii Peninsula, Japan). Although, no doubt, it would have been better to use the same rock material as that undergoing the anelastic strain recovery, the lithology of the dummy specimen is not important if the temperature is kept at a constant. All the specimens were placed in a constant temperature chamber filled with tap water, controlled by a heater/cooler containing a water circulation system and a regulator. In this apparatus, the required or target constant temperature was set at a temperature near to room temperature, since large temperature changes before or after putting the specimens into the chamber must be avoided. The strain gauges and two high-resolution thermometers (one measuring water temperature and one measuring room temperature) and several thermocouples were directly connected to a data logger with a 16-bit A/D converter. Digital strain and temperature data were recorded every 10 minutes. It took less than 1 hour to elevate the core from the depth to the surface, 2 hours to finish the on-site core sample handling including the procedures to clean the cores, draw lines to delineate the down dip orientation, and take pictures and preliminary descriptions. Finally, 2 hours were required to prepare the specimens and set them in the apparatus. For example, the strain measurement on the 592-m depth specimen began about 5 hours after the extraction of the core and stress release. In general, the anelastic strain recovery takes several weeks or several months after in-situ stress release. However, the whole anelastic strain recovery curve (from stress release to full recovery of the time-dependent non-reversible strain) is not necessary for stress analysis. That is, a part of the strain recovery curve is sufficient if only the stable strain recovery curve was obtained and the strain value reached a high enough level to assure satisfactory measurement accuracy. Therefore, a measurement session of about one week duration is in general sufficient for ASR measurement.
THE DETERMINATION OF ORIENTATIONS AND ESTIMATION OF MAGNI-
TUDES OF THREE-DIMENSIONAL STRESS BY THE ASR METHOD
An Example of the Anelastic Strain Curve
As an example, measurement results of anelastic strain recovery of the specimen taken from a depth of 592-m are shown in Fig. 3 . The capital letters beside the curves show the measurement directions mentioned above. The duration of the measurement for this specimen was approximately five weeks. Lack of data in a range of about 530 -570 hours was due to memory capacity overload. During the experiment, the thermostatic chamber worked correctly; the temperature change was controlled to less than ± 0.1°C. In addition, the acquired strain data from the dummy specimen shows that the drift of the measurement system was very small against the anelastic strain of the active specimen, especially in a time range of less than about 600 hours and can be neglected. For example, drift at around 500 hours was about 8 microstrains which corresponds to about 2 percent of mean value of the measured anelastic normal strains of the active specimen. Therefore, it is believed that the anelastic strain data were correctly measured in a quantitative sense at least for the former part until about 530 hours. Thus, the analysis of the principal strain etc. was carried out only using data of the elapsed time range from 0 to approximately 500 hours.
From Fig. 3 , it is obvious that the anelastic strains in all directions of the active specimen were extensions; and all the curves were smooth and had a similar variation tendency as time increased. It can be said that anelastic strain recovery in all directions continued for a long period, although the rate of strain recovery decreased with time. The magnitude of strains in various directions, continuously measured for three weeks (504 hours) or more, achieved about 200 -500 microstrains. For the measurement accuracy of the system used, this level of anelastic strain was sufficiently high and the data could be used for a three-dimensional analysis.
Of course, the magnitude of the anelastic strain depends on the duration of continuous measurement, the magnitude of in-situ stress, and anelastic strain recovery compliances of the rock material. In general, anelastic strain is less than the elastic strain accompanying stress release. Consequently, the ASR method is obviously suited to cases of high stress level, i.e., large depth and/or the soft rock materials of which the compliances are relatively larger, given one's viewpoint, to ensure the measurement accuracy of the strain.
Determination of Orientations of Three-Dimensional In-Situ Stress
From the measured anelastic normal strains in nine directions, including six independent directions, the anelastic strain tensor was calculated using least squares analysis. The calculated three principal strain components ε 1,2,3 (t) and the mean normal strain e m (t) of the specimen taken from a 592-m depth are shown in Fig. 4 . Furthermore, relations between the three prin- Fig. 3 . Anelastic normal strain recovery curves of a sandstone specimen taken from the depth of 592 m. The capital letters beside the curve show the measurement directions. Temperature was kept at 22.9 ± 0.1°C during the measurement. Dummy specimen which did not undergo any deformation except thermal expansion was used for monitoring the drift of the strain measurement system. cipal anelastic strain deviations e 1,2,3 (t), the ratio of the intermediate principal strain deviation to the major principal strain deviation e 2 (t) / e 1 (t), the ratio of minor principal strain deviation to the major principal strain deviation e 3 (t) / e 1 (t), and elapsed time t, respectively, were determined by using the same analysis procedure as described by Matsuki and Takeuchi (1993) . Using a dataset of the ratios of the principal strain deviations for an arbitrary elapsed time, a dataset of the three orientations of the principal strains corresponding to time can be determined. Thus, an orientation data series of the three principal strains according to the elapsed time was obtained. The calculated orientations corresponding to the local coordinate system and their variation as elapsed time increased are shown in Fig. 5 . At an early stage in the whole measurement period, the determined orientations of the principal strains scattered significantly because the ratios of the deviations were unstable when the maximum component of principal strain deviation, i.e., the denominator for calculating the ratios, was small. Consequently, the average of plunges and trends of the three principal strain orientations were calculated using data that didn't include this initial phase which corresponded to about one-tenth of the whole measurement period. According to Matsuki (1991) , the orientations of the principal anelastic Fig. 4 . Three principal anelastic strains and mean constant strain versus elapsed time. Notice that part of strain curves corresponding to a time range from about 500 to 900 hours in Fig. 4 was deleted because of lack of data in the range of about 530 -570 hours due to a lack of data logger memory capacity. strains are the same as the orientations of the principal in-situ stresses. The orientations of the three principal strains/stresses determined based on the results of the ASR measurements for the three depths are shown in lower hemisphere stereo projection (Fig. 6) corresponding to the global coordinate system by means of the equal area method. At the 592-and 1112-m depths, the orientation of the maximum in-situ stress ( σ 1 ) is nearly vertical and the orientation of the minimum stress (σ 3 ) is approximately horizontal and the same as the down dip orientation of the sedimentary formations. That is, at a shallower depth located in the hanging wall of the active fault zone or just within the fault zone which slipped recently, the stress state showed the relatively distinct features of gravitational stress. It can be considered that such a stress regime is reasonable because slipping of the fault released the influence of tectonic stress. However, at a depth of 1755 m beneath the fault zone, the major stress is nearly in the down dip direction consistent with plate motion approximately; and the stress state represents features of tectonic stress.
Estimation of Magnitude of Three-Dimensional Principal Stresses
As mentioned in 2.1, in order to determine correctly the magnitude of the three principal in-situ stresses, the two anelastic strain recovery compliances [Jas(t) and Jav(t)] of shear mode and of volumetric mode, respectively, should be examined based on laboratory tests of anelastic strain recovery. However, these calibration tests are very complex and require a great deal of time and effort, since the compliances depend on mean normal stress level. When the ratio of Jas(t) and Jav(t) is given as a constant by assuming that the compliances are similar to each other, the ratios among σ i p − 0 (i=1, 2, 3) in Eq. (5) can be determined without knowing the compliances as a function of time. Accordingly, by giving the value of the vertical stress based on the assumption that it is given by overburden stress, all magnitudes of the three principal stresses can be determined. Therefore, this simpler method was employed in the present study to estimate the magnitudes of the principal stresses.
According to results of laboratory experimental tests by Matsuki (1992b) , both the compliances have similar behavior to each other. In addition, the ratio of the Jas(t) and Jav(t) can be considered to be a constant at arbitrary time for a certain rock type. He tested eight types of rock including sandstone, tuff and granite. The results showed that the ratio depends on rock type, but varied in a relative narrow range within about 1 -3; and the average value of the ratios from the tested rocks was about 1.9. Therefore, it can be considered appropriate to assume the ratio to be a constant for simplifying Eq. (5). When the ratio of the Jas(t) and Jav(t) is given as a constant c = Jas(t) / Jav(t), Eq. (5) can be given as follows:
Because vertical in-situ stress σ v can be estimated to be equal to the bulk density-related gravitational overburden stress, we can calculate the Jav(t) without laboratory calibration testing by using a relation between σ v and Jav(t). Concretely, based on the determined orientations of three-dimensional stress, σ v is given as follows: 
where l p , m p , n p are the direction cosines of vertical vector with respect to the three coordinate axes of the principal stresses. By combining the equations (6) and (7), the relation between σ v and Jav(t) was derived:
e t m e t n e t c e t Jav t p
Therefore, we can determine the Jav(t) from the equation based on the measured values of anelastic strain e i (t), e m (t) for the time when the ASR test finished, and given pore pressure p 0 (assumed to be hydrostatic pressure). Accordingly, it is possible to predict the magnitudes of three principal stresses by using Eq. (6) based on estimated compliances, anelastic strain, etc. For determining input parameters in the question, we also made the following assumptions: i) average density of the formations above the depth at where the ASR measurements were conducted is equal to 2.4 g cm -3 ; ii) the ground water level is at the ground surface; and iii) water density is equal to 1.0 g cm -3
. Thus, the overburden stress σ v and the pore pressure p 0 at the three depths could be estimated. For example, the overburden stress and the pore pressure at the 592-m depth were estimated to be equal to 14 and 6 MPa, respectively. As a result, the magnitude of major principal stress at the 592-m depth estimated on the basis of the overburden stress and pore pressure was 15 MPa, the intermediate stress was 13 MPa, and the minor stress was 12 MPa. Consequently, stress magnitudes predicted at all three depths are shown in Table 1 . Table 1 . Preliminary results of the magnitudes of three principal stresses predicted from ASR measurements.
SUMMARY AND FUTURE WORK
In order to understand the features of in-situ rock stress change at different depths above, within, and beneath the Chelungpu fault after the Chi-Chi earthquake and to acquire skills for core-based stress measurement techniques, we employed the anelastic strain recovery (ASR) technique to determine the orientations and to estimate the magnitudes of present threedimensional principal stresses by using core samples retrieved from Taiwan Chelungpu-fault Drilling Project (TCDP) main Hole-A. In this paper, we first outline the ASR method and detail the procedures of specimen preparation and stress analysis applied to the TCDP. Then, we show the measured anelastic strain data and preliminary results of determined orientations and estimated magnitudes of the principal stresses.
The core specimens used were two sandstones taken from depths of 592 and 1755 m and a siltstone from 1112 m in TCDP Hole-A. The anelastic strains of the specimens in nine directions, including six independent directions, were measured using wire strain gauges after having retrieved the core from the target depth. Acquired anelastic strains were extensions; they reached several hundred microstrains which is a level high enough to ensure satisfactory measurement accuracy. These strains were used for a three-dimensional analysis resulting in determination of the orientations and prediction of the magnitudes of the principal in-situ stresses. Preliminary measurement results of the orientations of the principal stresses showed the stress distribution in the TCDP hole might be influenced by the Chelungpu fault rupture. In addition, the results obtained can be considered as valid. Consequently, it can be said that anelastic strain recovery measurement is well suited to the task of directly determining the orientations of principal in-situ stresses and to estimating the magnitude of the stresses at large/great depth.
In order to improve stress measurement techniques, experimental future work should focus on: i) conducting laboratory calibration tests to obtain the anelastic strain compliances and understand their behavior; ii) examining the anisotropy of ASR and estimate its influence for the application of the isotropy model; and iii) compiling ASR data for Hole-A and Hole-B. Additionally, in order to investigate correlations between the stress regime and the Chelungpu fault and its rupture inducing the Chi-Chi earthquake, future studies are important such as: i) compiling the ASR results with other stress information via hydraulic fracturing tests and breakout analyses, and conventional stress data in the same survey region; and ii) building an appropriate model to explain the current stress state and to infer stress change induced by the fault rupturing.
